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Abstract
An optics with low transition energy has been developed

in the SPS for removing intensity limitations of the LHC

proton beam and has become operational towards the sec-

ond part of the 2012 LHC proton run. The impact of this

optics in the performance of the LHC ion beam is stud-

ied here, especially with respect to collective effects, at the

SPS injection energy, based both on modelling and beam

measurements. In particular, the potential gain of the in-

creased beam sizes provided by this optics, with respect to

losses and emittance blow up due to space-charge and In-

trabeam Scattering (IBS) is evaluated. The measured life-

time is compared with the one provided by the Touschek

effect and its interplay with RF noise is studied.

INTRODUCTION
During the setting up of the ion beams at the SPS, a large

spread on the beam parameters of the lead ion bunches at

flat top was observed. Even though this is not a limita-

tion for the performance of the LHC as lead ion collider,

it would be interesting to overcome this bunch parameter

spread, which is mainly dominated by processes at the flat

bottom of the SPS [1]. A new optics, called Q20, with

low transition energy, has been developed in the SPS for

removing intensity limitations of the LHC proton beam.

As this optics improved the performance of the SPS proton

beams [2], it was proposed to be used as an alternative for

the ion beams too for reducing scattering effects and space

charge, due to its larger beam sizes. In this paper, a com-

parison between the nominal (Q26) and Q20 optics with

respect to collective effects like space charge, Intrabeam

Scattering (IBS) and Touschek scattering is presented. The

interplay between the collective effects and the RF noise is

also discussed.

SCATTERING EFFECTS IN THE ION
BEAMS AT THE SPS

One of the advantages of the Q20 optics with respect to

scattering effects is the larger dispersion (peak values by

almost a factor of 2 higher and larger beta functions), so

that the average beam sizes are increased by almost 50%

in the horizontal and 10% in the vertical plane. This has

an impact on the incoherent space charge tune-shift, given

by the Laslett formula, which is reduced by 15%, from

ΔQy = −0.15 for the Q26 to ΔQy = −0.13 for the Q20

optics, assuming the beam parameters presented in Table 1,

which correspond to the SPS ion beam as delivered to the

LHC during the 2011 run.

Table 1: Main parameters of the ion beam at the SPS

Parameters Value

Bunch population [108] 2.4

Pb82+ classical radius [m] 5×10−17

Relativistic γ/β 7.31/0.99

rms bunch length [m] 0.3

rms energy spread 3.25×10−4

Transverse norm. emittances [mm-mrad] 0.8 ×10−4

Figure 1: IBS relative emittance evolution in the hor.

(green), vert. (blue) and long. (red) planes, for the Q20

(dashed lines) and Q26 (solid lines) optics, for the same

initial conditions.

The increase of the beam sizes has an impact also on

the expected emittance dilution with time, due to intra-

beam scattering (IBS). Figure 1 shows a comparison of

the IBS effect for the nominal Q26 (solid lines) and the

Q20 (dashed lines) optics in the horizontal (green), verti-

cal (blue) and longitudinal (red) planes, for the same ini-

tial conditions and current. The Piwinski formalism [4]

was used for the calculation of the IBS growth rates and

the emittances’ evolution with time for a cycle duration of

40 sec. In both cases, transverse emittance growth and lon-

gitudinal emittance damping with time is predicted. The

effect in the transverse plane is ∼ 15% larger in the Q26

than the Q20 optics, while in the longitudinal plane the ef-

fect is almost the same.

In the large scattering angle limit of the Coulomb scat-

tering, the Touschek effect leads to beam losses due to large

exchange of momentum between the colliding particles.

The non-relativistic round beam approach of the Touschek

lifetime can be found in [3]. Assuming a general quadratic
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Figure 2: Measured (squares) and IBS predicted (solid

lines) bunch length evolution with time for the Q26 (blue)

and the Q20 (red) optics.

form for the current decay with time:

dI

dt
= −I

b
− I2

a
, (1)

the time depended current expression is given by:

I(t) =
αI0e

−t/b

bI0(1− e−t/b) + α
. (2)

Comparing Eq. (1) with the Touschek lifetime expression,

the parameter α, called the Touschek parameter, can be cal-

culated analytically, and has a complicated dependence on

the beam energy spread, bunch length and transverse emit-

tances, the optics and the minimum acceptance of the ma-

chine at each location. For the case of the SPS, we consider

that the minimum acceptance is the RF momentum accep-

tance. The parameter b corresponds to the lifetime factor

due to other effects, such as RF noise.

Considering the same beam parameters as defined in Ta-

ble 1, the analytical Touschek parameter for the Q26 op-

tics is α = 0.1546 mA·sec, while for the Q20 optics

α = 0.3038 mA·sec, which indicates that the Touschek

contribution to the lifetime expression is expected to be a

factor of 2 larger for the Q26 optics.

MACHINE STUDIES
During the setting up of the ion beams at the SPS for the

2011 LHC run (11/2011), a spread on the beam parameters

of the lead ion bunches at flat top was observed. In this

respect, it was crucial to investigate the contribution of IBS

and Touschek to this spread.

Figure 2 shows the measured bunch length evolution

with time for the Q26 (blue squares) and Q20 (red squares)

optics. Starting from the measured value at injection, the

bunch length evolution with time due to IBS was computed,

where for each point the bunch current was updated accord-

ing to the measured one. The results are shown in solid

lines in blue for the Q26 and in red for the Q20 optics.

Even though IBS predicts bunch shortening, the resulting

effect is much smaller than the observed one.

Figure 3: Measured (blue squares) and expected Touschek

(solid lines) current decay with time for the Q26 (left) and

Q20 (right) optics.

In order to estimate the expected current decay with time

due to the Touschek effect, the Touschek parameter is cal-

culated for each measured bunch length, considering the

horizontal and vertical emittances unchanged, as at that

point no transverse emittance increase with time was ob-

served in the machine. As the calculations are very sen-

sitive to the momentum acceptance, which is not a well

known parameter for the SPS, the Touschek estimates are

computed for different acceptance values, assuming, as first

approximation, that it is constant around the ring. The ex-

pected current decay with time can then be calculated from

Eq. (2), while b is used as a free parameter. Figure 3 shows

one example of the measured current decay with time (blue

squares) while the solid lines show the estimated decay

with time based on the above calculations, for different val-

ues of the b factor. For the Q26 optics (left), there is no b

parameter for which a “Touschek like” behaviour applies

to all data. However, considering that fast losses at the be-

ginning of the injection process can be due to other effects

(e.g. space charge), which are not linear with time and can-

not be included in the b parameter, and by ignoring the first

few measured points, the rest of the current data seem to

follow a “Touschek like” behaviour. On the other hand, the

data from the Q20 optics (right), seem to follow a “Tou-

schek like” behaviour from the beginning.

As the analysis is still in a preliminary stage, what can

be stated for now is that a nonlinear, “quadratic”, term is

needed to describe the current decay of the ion beams at

the SPS, which is not clear if it is due to a scattering effect

or the interpaly between scattering and other effects like RF

noise and space charge, which is not known what is their

contribution to lifetime.

After an upgrade and optimization of the low-level RF

system in 2012 which minimised the contribution of the RF

noise to the lifetime [5], a comparison of the beam lifetime

for the Q26 and Q20 optics showed a better lifetime for the

Q20 optics, as expected from the theoretical calculations.

Figure 4 shows this comparison with the lifetime for the

Q20 shown in purple and for the Q26 in blue.

In January 2013, a new set of measurements was per-

formed in order to evaluate the impact of different RF volt-

age (Vrf ) and different synchro loop gain (SLG) settings

on the evolution of the lifetime along the flat bottom. The

measurements were performed for the fixed-target (FT) ion
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Figure 4: Lifetime comparison between the Q20 (purple)

and the Q26 (blue) optics, after the optimization of the low-

level RF system.

Figure 5: Dependence of the total losses along the first in-

jection period on the RF voltage and the synchro loop gain

(SLG).

beam. As this beam is set up for a slow extraction scheme,

the fractional part of the tune is set above the half integer

and below the third order resonance lines, and is differ-

ent than the one chosen for the LHC ion optics. Figure 5

shows the dependence of the total losses for the first in-

jection period on the RF voltage and the SLG. The total

losses are minimized for the lower RF voltage (1.2 MV)

and for this setting the dependence on the SLG is minimal.

On the other hand, operational experience showed that the

optimal RF voltage for the operation of the SPS is 3.2 MV.

For this voltage, losses are minimized for the smallest SLG

(SLG=1).

Figure 6 shows the beam lifetime along the flat bottom

for the optimal conditions (Vrf=3.2 MV, SLG=1). The dif-

ferent curves correspond to different measurements for the

same settings. In this case, the lifetime follows a differ-

ent behavior than the “Touschek like” one observed in the

2011 data. Transverse emittance measurements were also

performed, where both horizontal and vertical emittances

were measured to be constant along the flat bottom, with

εx = 2μm-rad and εy = 1.5μm-rad, normalized. Those

values are much larger than the expected (εx,y = 0.8μm-

rad) and the beam has a non-Gaussian beam profile. This

could be an indication of emittance blow up caused by res-

onance crossing due to the large space charge tune-shift, as

those measurements were performed for a different beam

Figure 6: Lifetime along the flat bottom with the fixed-

target beam.

(FT) with a working point close to the half integer reso-

nance. The same effect was seen during the 2011 run when

the working point of the LHC ion beam was put close to the

integer resonance. This can explain a fast emittance blow

up, which then puts the beam out of the scattering regime,

leading to a constant emittance with time, and the trans-

verse losses are dominated to the scraping of the tails by

machine aperture restrictions.

SUMMARY AND OUTLOOK
During the 2011 setting up of the ion beams at the SPS,

a large spread on the beam parameters of the lead ion

bunches at flat top was observed. This can be attributed

to an interplay between RF noise and collective effects,

like IBS, Touschek and space charge. Comparison, based

on theoretical calculations for same beam conditions, be-

tween the old (Q26) and the new (Q20) optics showed that

both scattering effects and space charge are expected to

be reduced with the new optics due to larger beam sizes.

After an upgrade of the low-level RF system of the SPS,

which led to the minimisation of the RF noise conribution

to the beam lifetime, a lifetime comparison between the

two optics showed a better performance of the Q20 optics.

Transverse emittance and beam lifetime measurements un-

der different beam conditions gave hints for the existence of

both space charge and scattering effects. In order to study

those effects and the interplay between them, dedicated

measurements at different working points and different cur-

rents are required, for finding optimal conditions that over-

come the large spread of the beam parameters while having

good transmission to the LHC.
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